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Stem cells have been widely assumed to be capable of replacing 
lost or damaged cells in a number of diseases, including Parkinson's 
disease (PD), in which neurons of the substantia nigra (SN) die and 
fail to provide the neurotransmitter, dopamine (DA), to the stria- 
tum. We report that undifferentiated human neural stem cells 
(hNSCs) implanted into 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri- 
dine-treated Parkinsonian primates survived, migrated, and had a 
functional impact as assessed quantitatively by behavioral im- 
provement in this DA-deficit model, in which Parkinsonian signs 
directly correlate to reduced DA levels. A small number of hNSC 
progeny differentiated into tyrosine hydroxylase (TH) and/or do- 
pamine transporter (DAT) immunopositive cells, suggesting that 
the microenvironment within and around the lesioned adult host 
SN still permits development of a DA phenotype by responsive 
progenitor cells. A much larger number of hNSC-derived cells that 
did not express neuronal or DA markers was found arrayed along 
the persisting nigrostriatal path, juxtaposed with host cells. These 
hNSCs, which express DA-protective factors, were therefore well 
positioned to influence host TH+ cells and mediate other homeo- 
static adjustments, as reflected in a return to baseline endogenous 
neuronal number-to-size ratios, preservation of extant host nigro- 
striatal circuitry, and a normalizing effect on o-synudein aggrega- 
tion. We propose that multiple modes of reciprocal interaction 
between exogenous hNSCs and the pathological host milieu un- 
derlie the functional improvement observed in this model of PD. 

1-methyl-4-phenyl-1,2,3,5-tetrahydropyridine | dopamine j 
Parkinson's disease | synuclein | tyrosine hydroxylase 

Degeneration of dopamine (DA) neurons in the substantia 
nigra (SN) and the consequent deficit of DA release in the 
striatum and other target areas appear to be responsible for the 
characteristic manifestations of Parkinson's disease (PD). 
Although substantial improvements result from the systemic 
administration of the DA precursor L-DOPA or DA agonists, 
such pharmacological replacement does not address the eti- 
ology of the disease, provide a permanent redress of the 
pathophysiology, or forestall progression of the degenerative 
process. It does, however, support the idea that DA provided 
by exogenous replacement cells might be therapeutic, a notion 
verified in rodents (1-3) and monkeys (4-6), where grafts of 
fetal DA neurons led to improvements in biochemical and 
behavioral indices of DA deficiency. However, in graft studies, 
the improvements in Parkinsonism have been limited and 
variable (see review in ref. 7). Therefore, we hypothesized that, 
in addition to DA replenishment, PD treatment should also 
restore functional equilibrium in the host SN-striatal system. 
A clinically relevant strategy might be to implant human neural 



stem cells (hNSCs) and progenitor cells constitutively capable 
of multiple actions, including neural differentiation and cyto- 
kine secretion, and allow them to develop within the PD- 
affected brains of nonhuman primates to yield cells whose 
types, numbers, locations, and regulation are determined by 
the interplay of donor elements and the local host milieu. 
Outcomes derived from such donor-host interactions may 
result in a new level of bioequilibrium among the DA-related 
neurostructures (i.e., homeostasis), which could benefit be- 
havioral recovery. hNSCs, either isolated directly from the 
developing normal brain (8-11) or derived from embryonic 
stem cells (12, 13), appear to be well suited for testing 
implementation of such a hypothesis. As the CNS' most 
primordial cell, the hNSC has attributes that appear to pro- 
mote anatomical and functional preservation and/or restora- 
tion in neurodegenerative diseases. These properties include 
the potential for yielding appropriate ratios of cell types that 
constitute a normal anatomical structure (i.e., both neurons 
and glia, plus other "chaperone-like" cells) (14-16). In addi- 
tion, large numbers of hNSCs can be grown in culture as 
homogeneous, well defined populations. For this study, we 
used hNSCs directly isolated from a neuroectoderm-derived 
structure, the telencephalic ventricular zone of normal, early 
second-trimester human cadavers (8). We selected two iden- 
tically derived, nonimmortalized hNSC lines (maintained in 
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vitro as monolayers in serum-free, mitogen-supplemented 
medium) for their ability to engraft and migrate in vivo (8). 
One of these cell lines was known to pursue a ventral mesen- 
cephalic lineage when presented with appropriate cues in vitro 
(17) and to express a number of markers associated with a 
mesencephalic cell lineage [supporting information (SI) Fig. 
6], We have reasoned that our hNSC-based comprehensive 
approach might better alleviate some of the limitations of 
previous strategies that placed partially differentiated cells, 
apparently without natural regulatory mechanisms, in ectopic 
locations such as the striatum (7). 

Results 

We studied 29 adult male African green monkeys of St. Kitts 
origin (Chlorocebus sabaeus). Four were untreated normal 
control monkeys, and the remainder were injected systemically 
with l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP). 
This neurotoxin causes selective permanent bilateral destruc- 
tion of mesencephalic DA neurons and their striatal* projec- 
tions, depletion of DA concentrations, and the full signs of 
Parkinsonism (4, 18, 19). hNSCs were injected stereotaxically 
into the right SN and bilaterally into caudate nuclei. The 
approach of implanting undifferentiated (as opposed to pre- 
committed) hNSCs allowed us to investigate whether cues 
might be present in the host milieu that could permit, or even 
direct and sustain, an appropriate anatomical and physiolog- 
ical restoration. The animals were studied over periods of ^8 
months and categorized according to MPTP treatment, im- 
munosuppression, numbers of cells injected, and other treat- 
ment variables (Groups 1-5; see SI Table 1). To ensure 
reproducibility, hNSCs were obtained from two separate lines 
(designated as "HI" and "HFB2050") that were initially 
derived by the same method: mitogen selection and expansion 
without immortalization (8). Numerous aliquots of early pas- 
saged cells were banked, thawed, and expanded as needed for 
new studies, hence minimizing cell variability from experiment 
to experiment over time. 

To assess the possible impact of exogenous hNSCs on DA 
function, we studied a group of severely Parkinsonian monkeys 
(Group 1). Severity was determined with a well validated and 
reliable behavioral scoring method consisting of time-sampled, 
quantitative behaviors and qualitatively rated items that reflect 
manifestations of Parkinsonism as well as normal behaviors in 
this primate species. A Parkinson's factor score (PFS), derived 
from these observations, correlates inversely with postmortem 
striatal DA concentrations (r = -0.72; n = 18; P < 0.01) (18, 19). 
Monkeys in this "most severe" category do not spontaneously or 
significantly improve over periods of ^1 year (18-20). Further- 
more, the PFS in monkeys closely matches the 5-point Hoehn- 
Yahr scale, which is used clinically to categorize PD patients; the 
"most severe" category in monkeys corresponds to Stage 5 in 
humans. 

Based on the PFS, eight monkeys that met the "Stage 
5-Severely Parkinsonian" criteria were selected for study after 
their behavioral abnormalities were stable. Stage 5 monkeys 
show severe difficulty in ambulation, poverty of movement, 
delayed initiation of movement, lack of responses to food, 
difficulty eating, periods of "freezing" (remaining motionless 
for 5 sec), as well as head and limb tremors. The monkeys were 
randomly assigned to receive hNSC infusions or sham opera- 
tions. Five hNSC-injected monkeys (10 6 cells x 3 sites per 
monkey) were compared to three monkeys that received sham 
surgical injections, with observations starting 4 months before 
and continuing to 4 months after surgery. The hNSCs, main- 
tained and prepared to optimize engraftment, were injected 
into the SN and caudate. These severely affected hNSC- 
injected monkeys improved progressively and were signifi- 
cantly different from controls for the entire posttreatment 




Fig. 1. Behavioral recovery in severely Parkinsonian monkeys after hNSC 
injections. Severely Parkinsonian monkeys engrafted with hNSC (blue bars) 
demonstrated a significant decrease in a quantitative PFS, compared to sham- 
operated monkeys (red bars), which remained severely Parkinsonian. Mean 
values ± SEM are divided into 60-day periods (PREOP, before injections; 
POSTOP, after injections). After treatment the hNSC group improved dra- 
matically and significantly. ANOVA revealed a significant interaction among 
treatment group (hNSC vs. sham), treatment (before or after), and day of 
observation (F « 65.87, df = 1, 1 096, P < 0.0001 ). Tests of main effects showed 
that differences between the treatment groups were not significant before 
surgery (f - 1 .06, df - 1,6, P = NS), but became significantly different after 
(F =6.16,df = 1,6, P< 0.05). 

period (Fig. 1). These differences were highly significant 
functionally as well as statistically, and they included "activi- 
ties of daily living" (such as ability to sit, walk, and self-feed) 
compared to the sham-injected monkeys, which were unable to 
do so. Although the hNSC-engrafted monkeys were less 
improved in the final 60-day period, at the end of the exper- 
iment, they remained significantly improved compared to their 
preimplantation levels and compared to sham-operated mon- 
keys, which remained severely Parkinsonian (Fig. 1). During 
formal (as well as extended periods of informal) observation 
of monkeys with "chimeric" human neural cell-bearing brain 
regions, there were no indications of any qualitative or quan- 
titative behaviors that were not typical of the species, nor were 
any Parkinsonian dyskinesias noted. The duration and mag- 
nitude of functional recovery, compared to the controls, 
convinced us to terminate the behavioral experiment and 
begin a more extensive search for biochemical and histological 
correlates of improvement that might justify longer duration 
experiments and the investigation of immune and other factors 
and side effects that might help inform future long-term 
treatment of human PD. 

To understand the basis for this functional recovery, histo- 
logical sections from brains of these Group 1 monkeys and 
additional hNSC-injected monkeys were processed to assess 
the fate of donor and host cells [4 months after hNSC 
injections, designated as Group 2 (4-month monkeys)]. An- 
other group of MPTP-treated and hNSC-injected monkeys 
(Group 3) were studied and killed after 7 months (designated 
as 7-month monkeys). Four monkeys that were sham-operated 
but not MPTP-treated were controls (Group 4). In Group 1, 
although hNSCs were injected unilaterally immediately dorsal 
to the right SN (Fig. 24), we noted that donor-derived cells 
[identified by BrdU prelabeling (Fig. 2C) and j3-gal expression 
(Fig. 2D)] were distributed bilaterally throughout the DA 
pathway, suggesting migration to the contralateral SN (Fig. 2 
B and C) and/or migration from the engrafted ipsilateral 
caudate. Small numbers of donor-derived cells expressed 
tyrosine hydroxylase (TH) in the ventral mesencephalic region 
of Group 1 hNSC-injected monkeys (Fig. 3). Such double- 
labeled TH+ cells (identified by multiple independent mark- 
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Fig. 2. Survival and migration of engrafted hNSCs associated with func- 
tional improvement after transplantation into the nigrostriatal system. (A) 
hNSCs were injected unilaterally, dorsal to the right SN (white arrow) in the 
monkeys studied behaviorally (Fig. 1, Group 1). Donor-derived cells were 
mapped (green stars) and detected throughout the area where DA nuclei 
are located (DA neuron distribution in this region is delineated in orange 
in the lower left corner, as recorded with a camera lucid a). (B~Q Donor- 
derived cells labeled with SrdU and j3-gal were also detected on the side 
contralateraltothe implant, as shown by widely distributed BrdU-irdonor- 
derived hNSCs (black nuclei, black arrow) in the reg ion (arrowhead in B and 
enlarged in O- P) p-gal-t- cells (green) were present in substantial numbers 
in the ventral mesencephalon. 

ers) were not seen in nonlesioned hNSC-injected adult mon- 
keys, although there was robust survival of hNSCs in all 
monkeys, whether normal or MPTP-lesioned. (In no monkeys 
were neoplasms, tumors, deformation, or overgrowth noted.) 

To confirm the presence and numbers of hNSC-derived 
neurons expressing markers consistent with a DA phenotype, 
we injected hNSCs into six additional MPTP-lesioned mon- 
keys and performed additional histological studies on them 
after >7 months (SI Table 1, Group 5). Although in the earlier 
studies no differences were noted between cyclosporine- and 
noncyclosporine-treated animals, azathiaprine and pred- 
nisolone were added to cyclosporine in this later group of 
monkeys to increase immunosuppression. These animals 
showed extensive survival of hNSCs, yielding a variety of 
neural cell types, including significant numbers of TH+ and 
DAT+ expressing cells in the disabled SN (Fig. 4 and SI Fig. 

7) . Although such cells constituted <1% of donor-derived cells 
in the SN, they represented 4-7% of the total TH+ cellular 
population in that region. Further, because of migration of the 
unilaterally injected hNSCs to the contralateral equally im- 
paired SN, the percentage of TH+ cells that were donor- 
derived was not significantly different between the two sides 
[implanted, 6.74 ± 1.75% vs. unimplanted, 5.99 ± 1.74%; 

8) = 0.15, P — NS], Accordingly, the actual concentrations of 
DA measured biochemically in punches from these regions 
were also statistically not different [/(3) = 0.087, 
P value not significant]. The number of BrdU+ cells that were 
also TH + was not significantly different from those that were 
also DAT+ [TH+, 6.37 ± 1.23% vs. DAT+, 4.69 ± 1.03%; 
^(1 , 8) = 0.70, P value not significant] . (Because not all hNSCs 
become prelabeled ex vivo with BrdU, a larger number of TH+ 
and/or DAT+ cells in the SN may have been derived from 
donor hNSCs.) There was no significant difference between 
the total number of counted BrdU-labeled cells between the 



Fig. 3. Additional independent markers identify engraftment and sur- 
vival of donor-derived hNSCs within structures relevant to Parkinsonism 
and differentiation of some of them intoTH+ cells, Donor-derived cells in 
the ventral tegmentum are identified by antibodies to the human EGF 
receptor (hEGFR), nuclear mitotic apparatus (NuMA), or j3-gal (arrows). 
EGFR-ir and NuMA-ir (A and £) colocalized with /acZ-expressing /3-gal-ir 
(C-£) donor hNSCs. Furthermore, some donor-derived jS-gal-ir cells (G) 
colabeled with TH-ir cells (H) in the DA-deficient nigra (f) (merged). 
Confocal microscopic analysis of such cells (with optical dissection and 
z-stacks) is shown in Fig. 4D and St Fig. 7. 



implanted and unimplanted sides (5,931 ± 312 vs. 4,672 ± 988, 
respectively) [j(3) = 1.86, P value not significant]. 

Besides bilateral distribution of hNSCs in the SN after a 
unilateral injection, the hNSCs and their progeny appeared to 
migrate from the depleted striatum toward the SN along the 
nigrostriatal pathway (Fig. 5 A and B). Most donor-derived 
cells were found between SN and the striatum and ventral to 
the SN. Donor hNSC-derived TH— cells were closely associ- 
ated with host-derived cell bodies and TH+ fibers in the SN 
and nigrostriatal pathway (Fig. 5B). Indeed the close physical 
association suggested that stimulus-response intercellular re- 
lationships might be in process between donor-derived non- 
neuronal cells and host DA neurons and their fibers (Fig. 5B). 
This nonrandom distribution pattern was reminiscent of one of 
the proposed routes followed by progenitors during embryonic 
emergence of the nigrostriatal functional unit and might 
suggest that this pathway can still be used by progenitors, with 
possible behavioral consequences in the adult primate brain 
with PD pathology. No cells in the striatum of any of the 
monkeys were double-labeled for TH+ and j3-gal, nuclear 
mitotic apparatus (NuMA), or other human-specific markers 
studied. (Because of the extensive migration of hNSCs and 
their progeny, it was not feasible to count the proportion of 
implanted cells that survived. A more detailed study of cell 
migration in these monkeys is in progress.) 



Redmond et a/. 



PNAS | July 17, 2007 | vol.104 | no. 29 { 12177 




Fig. 4. Some hNSCs transplanted into the SN of MPTP-lesioned monkeys 
showed key markers of DA neurons. (A) A black BrdU-ir nucleus indicates a 
donor-derived cell, with a small proportion also containing brown cytoplasmic 
TH-ir (6.75 ± 1 .28% of all TH+ cells, red arrows), (Inset) Magnification of blocked 
cells. (B) Most BrdU+ cells are not TH+ (black arrows). Compared with host 
BrdU-negative TH+ cells in B (blue arrows), cells in A are most likely donor- 
derived. (Inset) Magnification of blocked host BrdU-negative TH+ cells. (0 Some 
donor-derived BrdU+ cells in this region were also immunoreactivefor the DAT 
(red arrow with tail); 3.91 ± 1 .04% of DAT+ cells were also labeled with BrdU. A 
DAT+ neuron with a nucleus void of BrdU (blue arrow), presumably an endog- 
enous host cell, is seen above the h NSC-derived neuron (red arrow), as well as 
many DAT-negative BrdU+ (black nucleus) hNSCs (black arrows with tails) juxta- 
posed to DAT+ fibers. (D) Double-label immunofluorescence of an hNSC cell 
expressingTH viewed by confocal microscopy with z-stacks; a BrdU+ nucleus (red) 
is surrounded by a TH+ cytoplasm (green). Red and blue lines indicate corre- 
sponding points in the orthogonal planes, confirming localization of the label 
within the pictured cell after the summation of serial optical sections. See also SI 
Fig. 7. (Scale bars: B, 100 fim; C, 50 /aid.) 



We also noted significant increases in the size of host TH+ 
neurons in the SN by 7 months after hNSC injections (Fig. 5C 
and SI Fig. 8 A and B), associated with the presence of donor 
hNSC that were not TH+ or DAT+. Thus, hNSCs appeared 
to exert homeostatic effects on host circuitry, increasing the 
size of abnormally small endogenous TH+ neurons of the SN 
toward normal values. MPTP-induced changes in the size and 
number of TH+ host cells in the striatum were also normalized 
after hNSC injections (SI Fig. 9). Although the molecules 
mediating the impact of hNSCs on host DA systems are 
unknown, some BrdUH- cells expressed a marker associated 
with an astrocytic lineage (Fig. 5G) and expressed glial cell 
line-derived neurotrophic factor (GDNF) (Fig. 5H), a growth 
factor known to augment and/or protect DA systems (21-24). 
Also, increased aggregation of a-synuclein has been reported 
after MPTP treatment in rodents (25) and primates (26). We 
found by immunohistochemical analysis of the nigrostriatal 
system in eight animals that a-synuclein aggregation was 
present in >80% of cells in monkeys that were MPTP-exposed 
only, but aggregation was found in <20% of cells after hNSC 
implantation had followed MPTP exposure (Fig. 5/ and SI Fig. 
10). No aggregates were seen in non-MPTP-Iesioned monkeys 
regardless of whether they were transplanted with hNSCs. In 
summary, hNSC implantation appeared to return a number of 
abnormalities after MPTP lesioning to the parameters seen in 
normal animals. 

Discussion 

Our studies demonstrate that the MPTP-lesioned adult mon- 
key brain retains intrinsic microenvironmental signals that 



may direct differentiation of an uncommitted human stem cell 
toward a DA phenotype and suggest that hNSCs have the 
capacity to respond to a DA deficiency (27) even without 
preinduction by factors or transgenes. However, the predom- 
inant functional action of hNSCs in the presence of damage to 
DA systems was most likely one of promoting homeostatic 
adjustment of host nigral DA neurons and their nigrostriatal 
projections. Some of the hNSCs, particularly those juxtaposed 
to host cells and fibers along the nigrostriatal trajectory, 
pursued an astrocytic lineage, which included expression of the 
neurotrophic factor GDNF. This observation is consistent with 
previous findings that epigenetic signals promoting the differ- 
entiation of Nurrl-expressing precursors may emanate from 
neighboring astrocytes (28). In fact, the role of the astrocyte 
in directing neurogenesis (15), mediating rescue (14), and 
potentiating the function of other neural cells is becoming 
increasingly appreciated (29). In particular, GDNF (one of 
possibly several natural products of the astrocytic progeny of 
these hNSCs) shows developmental, trophic, and protective 
support of DA neurons and promotes effective processing and 
release of DA (21-23). The normalization of a-synuclein 
aggregation in the presence of injected hNSCs in this study 
illustrates another potentially beneficial effect of hNSCs, but 
is probably independent of GDNF (30). 

Most prior studies have focused on the concept that the host 
environment, as it changes during the course of development and 
aging, or after injury or cell degeneration, influences the trans- 
planted stem cell, as exemplified here by the homeostatic emer- 
gence of some donor-derived TH+ and DAT+ cells. Based on past 
reports that small reversals of DA depletion can underlie large 
functional improvements, even a small elevation in DA might be 
behaviorally relevant, whether from stem cell differentiation into 
DA neurons or from preservation and even augmentation of host 
DA pathways via hNSC-derived trophic/neuroprotective effects. 
This study also reveals that improvement in function might result 
from significant reversal of abnormalities in sizes and distributions 
of endogenous TH+ cells in the nigrostriatal system as well as an 
interesting normalization of a-synuclein aggregation. These effects 
are consistent with other studies that have shown NSCs yielding 
multiple interacting cell types, not only key effector neurons but also 
undifferentiated progenitor cells that mediate neuroprotection and 
neuroplasticity (31) and glia that nurture, detoxify, myelinate, or 
direct the differentiation of neurons (32, 33). NSCs have also been 
suggested to restore equipoise to a disequilibrated milieu by fueling 
cell turnover (8, 34) and regulating gene expression and signaling 
pathways (35, 36). We believe that our data suggest, therefore, that 
the Parkinsonian primate CNS may benefit from such homeostatic 
effects, including (/) replacement of degenerating DA neurons by 
differentiated human stem cells, and (if) the trophic, protective, and 
guidance effects of nonneuronal stem cell-derived progeny. These 
latter actions may manifest themselves by promoting recovery 
through the variety of effects described here, as well as by others 
that remain to be elucidated by additional experiments and con- 
trols. Although long-term studies of these effects and potential side 
effects, such as dyskinesia (although not observed in the present 
study) and possible immunorejection of exogenous stem cells, are 
needed before attempting clinical application, this report provides 
evidence that permissive signals are present in the milieu, and that 
stem cells respond with multiple homeostatic actions to restore 
functionality to an adult primate brain that presents with severe 
Parkinsonian pathology. 

Materials and Methods 

Source and Maintenance of hNSCs. Cells were obtained from 
stable, self-maintaining populations of hNSCs dissected from 
the ventricular germinal zone of a 13-week-old human fetal 
cadaver (8, 37) and maintained in neurobasal (Gibco/ 
Invitrogen, Grand Island, NY) medium supplemented with N2 
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Fig. 5. hNSC engraftment is associated with multiple influences on the host 
DA nigrostriatal system that might contribute to the observed functional 
improvement. Migration of hNSCs, normalization of pathological numbers 
and sizes of host TH + cells, and effects on a-synuclein aggregation are shown, 
with evidence of secretion of a growth factor known to preserve fibers in the 
host nigrostriatal system. (A) Four and 7 months after hNSCs were placed in the 
SN and caudate, the majority of donor-derived BrdU+ cells had migrated to 
the nigrostriatal pathway as illustrated in a composite of serially sampled 
sections from an entire brain. Red dots represent an approximate density and 
locations where the majority of BrdU+ cells were found. Green dots and lines 
indicate host TH+ cells and their fibers. Blue lines indicate the locations where 
hNSCs had been implanted. (B) Many nonneuronal hNSC-derived cells (BrdU+ 
in red, marked by white arrow) were found in the SN and closely associated 
with host TH+ cell bodies and their neurites (green, marked by white arrow- 
head), (inset) Robust, healthy host DA neuronal soma with e)rtensive processes 
(see also SI Fig. 8 A and 0). (Q In the SN, MFTP reduced the size of host TH+ 
cells, which were then significantly increased 7 months after hNSC injections, 
compared to sham-operated MPTP-lesioned monkeys [ANOVA post hoc group 
differences; \ smallerthan corresponding control group only; **, smaller than 
all other treatment groups (P < 0.05)]. (D) Endogenous TH+ cells are also 
found in small numbers in the primate striatum. The arrow points to the most 
prominent type of striatal TH + neuron, which is small and bipolar (see SI Fig. 
9 A-D). (£ and F) Their size-to-number ratios become disordered after MPTP 
lesioning. After MPTP lesioning, striatal TH+ neurons increase in number (£) 
and decrease in size {F), a compensatory but abnormal change. They do not 
restore DA function and, in fact, are at their peak in animals that show the 
greatest signs of DA deficiency. In monkeys receiving hNSC implants, the 
aberrant size-to-number relationships of striatal DA neurons return to near 
normal control parameters (see SI Fig. 9). (Gand H) Some hNSCs (BrdU+ cells, 
black nuclei) along the nigrostriatal pathway were also immunoperoxidase- 



or B-27 (Gibco) plus bFGF (20 ng/ml) (Chemicon Interna- 
tional, Temecula, CA), heparin (8 mcg/ml), and LIF (5 ng/ml) 
(Chemicon International). Both adherent cells and floating 
clusters were chemically dissociated with Accutase (Chemicon 
International), triturated, and passaged every 3 to 10 days. 
hNSC lines (8, 37) were propagated with mitogens alone. More 
details are provided in SI Materials and Methods. 

MPTP Lessoning of Monkeys and Treatment Groups. Five groups of 
monkeys were studied with or without injections with 
MPTP-HC1 (RBI/Sigma-Aldrich, Natick, MA). Seventeen 
monkeys received cumulative doses of 2,25 mg/kg over a 5-day 
period to induce degeneration of the nigrostriatal pathway, 
and six monkeys received 1.5 mg/kg aimed to produce DA 
depletion but without functional impairments. Seven monkeys 
were sham-injected, and 20 received hNSCs injections. Four 
monkeys, which were not treated with MPTP, were studied as 
controls (see SI Table 1 for individual details of cell numbers, 
immunosuppression, cell types, and numbers). The animal 
experiments were approved by the relevant institutional ani- 
mal care and use committees of the collaborating institutions. 

Behavioral Scoring and Statistical Analysis. Blinded observers 
scored the MPTP-treated monkeys by using a published and 
validated quantitative time-sampling method (4, 18) two pe- 
riods per day, 5 days per week, a regime that has been shown 
empirically to sample Parkinsonian behaviors efficiently and 
accurately. Statistical analysis of behavioral changes used a 
multifactor ANOVA of the daily PFS of each monkey. All 
1,304 individual observations were analyzed in 60-day blocks 
from 120 days before to 120 days after hNSC implantation, 
when monkeys were killed; >95% concordance was recorded 
among five blinded observers for all behaviors tested. 

Preparation and Transplantation of hNSCs. hNSCs were injected 
into the right SN and the right and left caudate nuclei by using 
stereotaxic procedures. Donor-derived cells were identified by 
multiple independent techniques. Dissociated hNSCs were 
preincubated ex vivo with BrdU for 48 to 72 h in vitro before 
transplant. Some hNSCs were subcloned to stably express the 
lacZ transgene and produce jS-gal. Control experiments con- 
firmed that donor cell-specific markers were never transferred 
to host cells after cell destruction; donor cells never produced 
recombinant replication-competent helper virus. hNSCs were 
dissociated and passaged 24 to 48 h before transplantation to 
help synchronize and make as uniform as possible their state 
of differentiation and stage in the cell cycle (8, 37). The 
number of hNSCs injected was 1,000,000 cells in most animals, 
although it ranged from 1 to 8.75 E -f- 06 in Group 5. 
Additional monkeys were MPTP-treated only and received 
injections of vehicle or needle passage alone ("sham- 
transplanted") (see SI Table 1). 

Histological Analyses. Donor-derived and host cells were distin- 
guished in postmortem fixed tissue by immunocytochemistry with 
antibodies against multiple independent markers, including BrdU, 
/3-gal, and human-specific epitopes (8, 37, 38). Unbiased stereology 
was used for counting labeled cells. The number and size of TH+ 



positive {brown cytoplasm) for glial fibrillary acidic protein (6) and GDNF (H), 
suggesting that they had differentiated into astrocytes spontaneously and 
constitutively produced this trophic factor as a potential mechanism for 
hNSCs' effects on host neurons. (/) hNSCs transplanted into MPTP-le- 
sioned monkeys appeared to diminish the a-synuclein-ir aggregation pattern 
(arrows) in the host striatum, approximating a more normal profile (as seen in 
nonlesioned monkeys with and without hNSCs). (Scale bars: B, 100 jim; D, 20 
ji.m; H and /, 50 ^m.) 
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immunoreactive (ir) cells in the caudate and SN were quantified, 
and BrdU+, TH+, and DAT+ cells were calculated as a percent- 
age of total cells of each type. Immunocytochemistry for 
a-syrmclein was performed with standard methods and primary 
antibody (Cell Signaling Technology, Danvers > MA) at 1:500 dilu- 
tion and second antibody (Jackson ImmunoResearch, West Grove, 
PA) at 1:200. 
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